Abstract Inflammatory bowel disease (IBD) is a multifactorial disease including both genetic and environmental factors. We compared the diversity of intestinal microbesamong a cohort of IBD patients to study the microbial ecological effects on IBD. Fecal samples from patients were sequenced with next generation sequence technology at 16S rDNA region. With statistical tools, microbial community was investigated at different level. The gut microbial diversity of Crohn's disease (CD) patients and colonic polyp (CP) patients significantly different from each other. However, the character of ulcerative colitis (UC) patients has of both CD and CP features. The microbial community from IBD patients can be very different (CD patient) or somewhat similar (UC patients) to non-IBD patients. Microbial diversity can be an important etiological factor for IBD clinical phenotype.
Introduction
Inflammatory bowel disease (IBD) is a chronic inflammation of digestive disorder which in general, includes two major types: ulcerative colitis (UC) and Crohn's disease (CD). They share several pathological and clinical symptoms, such as severe diarrhea, pain, fatigue and weight loss, at the same time, they also show clearly distinct characters. UC is confined to the innermost lining of large intestine and rectum and causes long-lasting inflammation. However, CD leads to inflammation of the lining of digestive tract, this inflammation can occur throughout the large intestine, small intestine or both, and often spreads deep into affected tissues [1] .
More than five million people are suffering from IBD, and at the same time the newly diagnosed cases of IBD have been increasing gradually worldwide, especially in western world, such as North America, Europe, Australia and New Zealand [2] [3] [4] . A large number of reports have shown that many agents or mechanisms may contribute to IBD, but by no evidence, single factor can result in the disease. In general, causes of IBD can be sorted into two types: genetic (intrinsic) factors and non-genetic (external) factors. In UC, phenotypic concordance in monozygotic twins is less than 20%. However, in CD the rate is over 50%, and the relative risk of developing CD is much higher than the regular population [5] . Among these genetic factors, accumulating data from animal model demonstrated that nucleotide oligomerization domain 2 (NOD2) [6, 7] , autophagy genes [8] [9] [10] [11] , components of the type 17 helper T cell (Th17) pathway, and multiple genes along the interleukin-23 signaling pathway have been involved in IBD [12] [13] [14] [15] . Compared with genetic factors, non-genetic factors, such as changes in diet, antibiotic use, and intestinal colonization, have probably contributed to the increased prevalence of IBD [14, 15] . Increasing publications have proved that the intestinal microbiota is likely the most important environmental effect on IBD as the target of the inflammatory response [16] which is observed in humans and mouse models [17] .
In mammalian gastrointestinal tract all three domains of life (Archaea, Bacteria and Eukarya) can be found [18] , and there are more than 10 14 gastrointestinal microorganisms in human [19, 20] . The gastrointestinal microbiota plays a key role in the regulation of the intestinal immune system [21] , and the dysbiosis of intestinal microbiota, either in quantity or their ratio, may result in gut diseases, like IBD. Aminosalicylates and corticosteroids are drugs most common used for IBD treatment. However, they do not have long-term clinical healing and strong side effects have also been observed [22] .
To overcome these shortcomings, several new generation of biopharmaceuticals such as monoclonal antibodies infliximab, adalimumab have been developed for IBD treatment. They are demonstrated to be more selective therapeutic drugs, particularly in some given cases. However, an increased risk of malignancies, such as nonHodgkin's lymphoma and nonmelanoma skin cancers have been observed [23] . These limitations highlight the therapeutic gaps in IBD treatment, one of the most important reasons for the difficulty to develop effective drugs is the complex causes of IBD, and among these reasons, the diversity of gut microbiota changes in IBD patients is the key one. To overcome this obstacle, scientists have been pureeing great efforts on identifying gastrointestinal microbiota variations between IBD patients and healthy people and between different types of IBD. Thanks to developing of next-generation sequencing technologies, currently a large number of microorganisms in human gut have been identified by 16S rDNA sequence analysis and metagenomics [23, 24] . Study revealed that Bacteroidetes and the Firmicutes constitute over 90% of the known phylogenetic categories of the distal gut microbiota [25] .
Currently scientists have tried to determine whether specific variations can be identified in the intestinal microbiota in IBD. Results from 16S rRNA sequencing showed a visible difference between the intestinal microbiota in IBD patients compared to healthy control [26] . Patients with CD and those with UC have reduced diversity of members of the mucosa-associated phyla Firmicutes and Bacteroidetes [27, 28] . Whether these changes leads to IBD or whether they have same effects on people from different races is largely unknown.
To address these challenges, we analyzed 22 independent gut microbiome samples, which are from 6 CD patients, 9 UC patients and 7 colonic polyp (CP) patients., using Illumina PE250 sequencing and bioinformatics analysis. According to our results, the structure of microbial communities from IBD patients has a clear shift compared with CP patients, such as the relative composition of Collinsella, Dorea, Faecalibacterium obviously decreased in the gut of IBD patients, and this may imply the protection from IBD initiation or progression by this set of intestinal microbiota. Moreover, we also found a marked structure variation between CD and CP patients as well as between UC and CP patients. Our data also showed that Erysipelatoclostridium, Gemella, Granulicatella, Mogibacterium, Rothia, and Streptococcus increased dramatically in CD patients, while Lachnoclostridium and Tyzzerella-4 selectively rose in UC patients. Among these findings, the possible association between decrease of Faecalibacterium and CD is also supported by previous report [29] , however many gut microbiota changes in IBD in our study were observed first time. Our study further revealed not only the complexity of causes of IBD but also the diversity between its subtypes, and shed new light on IBD prevention and new drug development.
Method Patients
From January 2015 to December 2015, Patients, including 6 CD and 9 UC, were selected from those undergoing routine colonoscopic assessment of IBD at Department of Digestive Diseases, Huashan Hospital, Fudan University, Shanghai, China. IBD was diagnosed on the basis of combined gross and microscopic features. As controls, asymptomatic individuals undergoing colonoscopy were diagnosed as colon polyps. The CDAI of CD patients and Mayo score of UC patients were got. Tissue samples at lesion sites were collected from patients with assistant of endoscope with informed consent, and controls at normal sites.
DNA Preparation
Total DNA of samples were extracted and by and checked with 1% agarose electrophoresis. Then sample DNAs were normalized at 5 ng/ll in 10 mM Tris pH8.5 and amplified with GeneAmp Ò 9700 thermocycler (ABI, U.S.) using TransStart Fastpfu DNA Polymerase (TransGen, Beijing). Target 16srDNA regions were amplified by polymerase chain reaction (PCR). Illumina adapter overhang nucleotide sequences are added to the gene-specific sequences. The full length primer sequences targeting this region are:
PCR program is as following: 95°C for 3 min; 25 cycles of: 95°C for 30 s, 55°C for 30 s, 72°C for 30 s then 72°C for 5 min and hold at 4°C.
Each sample was repeated 3 times individually. After amplification, all amplicons from three repeats were pooled together, separated by 2% agarose and purified with AxyPrepDNA gel extraction kit (AXYGEN, Hangzhou, China). Purified PCR products were quantified with QuantiFluor TM -ST system (Promega) and mixed according to manufacturer's instruction to generate library and then loaded to Illumina PE250 sequencer (illumine, SD, USA) for sequencing.
Data Analysis
To optimize sequences, all PE reads were aligned and filtered to remove bad reads. The final sequences were clustered as Operational Taxonomic Units (OTU) based on similarity using Usearch software (version 7.1 http:// drive5.com/uparse/) with thread hold line of 97% homology. The whole procedures are roughly as following:
A dereplication procedure was applied to extract nonrepeat sequences from optimized sequences to remove redundant calculation. All singletons (unique reads among all reads) were also discarded to remove sequencer errors. All non-repeat reads (single non-repeat reads and chimeras were excluded) with C97% homology were clustered to generate reprehensive OTUs. Each optimized sequence was then mapped to reprehensive OTUs and sequences that have over 97% homology were selected to generate OTU table.
For taxonomic analysis, Bayesian Algorithm based RDP classifier was applied to reprehensive OTUs. Principal coordinates analysis (PCoA) was also used to classify OTUs.
Hierarchical clustering based on unweighted pair group method with arithmetic mean (UPGMA) was used to generate likelihood tree, Qiime was used to calculate distance of matrix, where the distance is defined by Bray Curtis
where: S A,i = the number of sequences in sample A included in the ith OTU; S B,i = the number of sequences in sample B included in the ith OTU. The structure tree was finally drawn by R.
Nonmetric multidimensional scaling (NMDS) was used to analyze differences among samples. Community data at genus level were calculate by count absolute number of each sequence read and were shown as bar plot and heatmap. Box-whisker Plot was used to show the differences between samples at genus level. All reference databases, platform and soft wares are as following:
The 16S rDNA database of bacteria and archaea (If not specified, Silva database will be used as default):
Silva (Release 119 http://www.arb-silva.de); RDP (Release 11.1 http://rdp.cme.msu.edu/); Greengene (Release 13.5 http://greengenes.secondgenome.com/); ITS fungi:Unite [7] 
Results

Characteristics of the Subjects
Patients are not only from Shanghai area but also other place, which makes our results representative. Twenty-two mucosal biopsies were collected from patients, including 6 patients with active CD, 9 patients with active UC and 7 biopsies from non-IBD controls. There was no age difference between CD and UC cases but, due to the indication for colonoscopy, the average age of the non-IBD control patients was higher. The median ages were 42.2 (34-60) years for the CD group, 52.8(17-82) years for the UC group and 60.1 (29-70) years for the controls. The characteristics of patients were shown as in Table 1 . The IBD patients (including CD and UC) covered both males and females and the ages were from young to old (Table 2) .
Metagenome Analysis
We collected samples from lesion sites of patients and analyzed metagenomes from all 6 CD, 9 UC patients and 7 CP patients with 16S rDNA method. To reveal the composition and diversity of gut microbiota from IBD patients and CP patients, we used OTU to do the taxonomic analysis, which was based on sequence homology. The OTU tables were shown as in supplemental data. Since OTU were multi-dimensional data so we use weighted PCoA to characterize OTUs. The PCoA cluster showed that CD group was significantly separated from CP group (Fig. 1,  red and blue) , however, UC group was close to both CD and CP (Fig. 1, green) . These results strongly indicate variation of microbiota in these diseases.
Microbiota Diversity Between Groups
We took advantage of dendritic structure to describe and compare the similarity and diversity between samples. Hierarchical clustering was characterized based on spatial scales on beta diversity and then visible dendritic structure was constructed by unweighted pair group method with arithmetic mean (UPGMA). From multiple samples similarity tree analysis, we can draw a conclusion that gut microbiota communities show more similarity inner group than between any of them (Fig. 2a) . The differences in bacterial community structure among groups were also reflected in NMDS based on spatial scales of beta diversity. According the data, microbiota community distribution is clearly separated into three parts which are correlated with sample groups (Fig. 2b) . Similar conclusion can be drawn based on PCoA (Fig. 1) . What is more, difference between CD and CP is more significant than between UC and CP (Fig. 2a, b) . These results further illuminated the fact that the inappropriate changes of gut microbiota probably contribute to IBD, and the changes between UC and CD patient are clearly different.
Microbiota Composition
To further reveal the difference of microbiota composition, we quantified the relative abundance of the microorganism among groups (Fig. 3a) . Ratio of Faecalibacterium decreases obviously in CD patients compared with CP controls, however this is not observed in UC patients. At the same time, Streptococcus is significantly increased in CD patients compared with CP patients, and similarly this is detected in UC patients. The reduction of Faecalibacterium in CD is consistent with previous report [29] , and these data imply that Faecalibacterium is probably a probiotic which may help to prevent CD initiation or progression. Nevertheless, Lachnoclostridium is notably increased only in UC patient samples, while Subdoligranulum declines accordingly, which indicates that these gut microbiotas may be related with UC formation. All samples in each of three groups were compared using a heat map of 18 different microbiotas as well (Fig. 3b) . This data further consolidated the conclusion drawn from Fig. 3a .
Classification of Changed Communities
The most important purpose of this study is to find the specific or definite IBD related gut microbiota. We further classified the 18 gut microbiotas which were dramatically changed (Fig. 3b ) into 3 groups: decreased in IBD (including both CD and UC) patients, specifically increased in CD patients or specifically increased in UC patients. IBD is a dysregulated mucosal immune response to antigens from the commensal microbiota in a genetically susceptible host, and there are probably some common shifts of gut microbiota communities. Studies showed that abundance of several types of microbiota were increased while some were decreased in general IBD patients [30] [31] [32] . In the first group, there are 10 different types of microbial community, including Collinsella, Dorea, Faecalibacterium, Halliigroup, Lachnospiraceae, Prevatella-2, R-7-group, Roseburia, Subdoligranulum and Turicibacter (Fig. 4a) . Our results not only broadly replenished previous reports [30] [31] [32] which showed that Faecalibacterium and Lachnospiraceae were decreased in IBD patients, but also further revealed that IBD related bacteria may be different when put into different genetic and/or environmental background. Meanwhile, we can easily conclude that these bacteria may be probiotics which offer protection from IBD initiation or progression.
Based on great difference of the clinical symptoms and occurring position of CD and UC, it is logical to say that probably different gut microbiota communities are responsible to CD and UC development. Researchers demonstrated less diversity in patients with CD compared to healthy control, however, they failed to describe which exact kinds of bacteria are directly related with CD [30, 33] . There are 6 members in the second group, including Erysipelatoclostridium, Gemella, Granulicatella, Mogibacterium, Rothia, Streptococcus (Fig. 4b) . These increased microbiotas may, at least partially, explain the environmental effect on IBD. Although a great number of publications described the impact of gut microbiota on IBD, few of them were involved in UC. There are 2 communities in the third group, Lachnoclostridium and Tyzzerella-4 (Fig. 4c) , and this observation perhaps gives new sights into understanding the pathological mechanism of UC. Overall, these findings may point out a novel direction into developing new drugs or creating new strategies, such as specific gut flora transplantation on IBD treating.
Discussion
Inflammatory bowel disease (IBD) includes two major phenotypes Crohn's disease (CD) and Ulcerative colitis (UC), and is developing into a globally prevailing disease. Though the precise aetiology still remains unclear, it obviously involves a complex interplay of microbiological, immunological and genetic elements. Innate immune cell can be activated by bacterial components such as lipopolysaccharides (LPS) and flagellin etc. and cause inflammatory reaction. So microbiota diversity may play key roles in inflammatory bowel disease. More and more evidence has been uncovering that interaction between the host's immune system and the commensal microbiota plays critical role in the pathogenesis of UC and CD. Using 16S ribosomal RNA gene-based single strand confirmation polymorphism analysis, several studies have reported that 50% and 30% reduced mucosa-associated colonic microbiota diversity were associated with active CD and UC respectively [24] . With similar technique, the present study provides a detailed experimental comparison of microbial community in patients of three different types of intestinal disease. Within our determined samples, according statistical analysis CD patients showed clear segregation from CP patients (Figs. 1, 2 ). This indicates a significant different underlying mechanism between these two diseases. However, the UC group, although as another typical IBD, the statistical characters of that showed some inter between features of both CD and CP patients (Figs. 1, 2) . That may suggest different therapeutical strategies should be used for UC patients from CD.
There are some common shifts of gut microbiota communities in IBD patients and we identified 10 such groups as Streptococcus, Collinsella, Dorea, Hallii-group etc. These common shifts in microbiota communities may reflect the similarity between CD and UC patients. Nevertheless, there is indeed clear difference of community abundances between these two IBD phenotypes. Particularly Faecalibacterium was obviously observed decrease in CD patients, however, this is not true in UC patients. On the other hand, Lachnoclostridium is notably increased only in UC patient samples and Subdoligranulum also declines, but these changes were not observed in CD samples. Since the reduction of Faecalibacterium in CD has been reported previously (1) , these data may confirm that Faecalibacterium is probably a probiotic which may prevent CD initiation or progression. Meanwhile, the unique changes of Lachnoclostridium and Subdoligranulum in UC patients suggested these gut microbiotas may be associated with UC formation.
In conclusion, microbial communities from three different intestinal diseases showed obvious differences. Particularly CD patients were obviously segregated from CP patients. However, samples from UC patients were also different from CD patients and showed some similarity to CP samples. The mechanism of the varieties still needs to be elucidated. However, using high-throughput NGS sequencing method, our work provided a detailed comparison of three prevalent intestinal diseases on the microbial community. The results may shed a light on the personalised therapeutical strategies for IBD in future.
